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Seismic Demand on Column 
Splices in Steel Moment Frames
JAY SHEN, THOMAS A. SABOL, BULENT AKBAS and NARATHIP SUTCHIEWCHARN

ABSTRACT

This study addresses seismic demands on column splices in steel moment-resisting frames. A comprehensive nonlinear analytic investigation 

was undertaken to evaluate the seismic response analysis of 4-, 9- and 20-story moment-resisting frames subjected to an ensemble of 20 strong 

ground motions. The outcomes of the study include an analysis of the comprehensive seismic demand on the column splice and recommended 

guidelines for design requirements for reliable moment frame column splices. The study concludes that the demand on the column splice can 

approach the nominal design strength of the smaller column when the critical beam-to-column connection reaches its expected maximum de-

formation capacity. It is reasonable that seismic design provisions for the column splices in special and intermediate moment frames require the 

column splice to develop the fl exural strength of the smaller column.

Keywords: column splices, steel moment frames, seismic design

Steel moment frames have been one of the most fre-

quently used seismic force resisting systems in regions 

of high seismicity. During the 1994 Northridge earthquake, 

some steel moment frames with welded moment connec-

tions suffered damage at or near their beam-to-column 

joints (FEMA, 2000a). Since then, the structural engineer-

ing and steel construction communities have undertaken an 

extensive research effort, centering on the beam-to-column 

connection, to investigate the cause of the damage and to 

improve seismic design, construction, inspection, evaluation 

and retro fi t of steel moment frames. This research resulted 

in much improved understanding of seismic demand and ca-

pacity, as well as improved design requirements for beam-

to-column connections in steel moment frames. The research 

also resulted in enhanced requirements for column splices. 

For example, current seismic design specifi cation provisions 

(e.g., AISC 341-10) generally require that column splices in 

intermediate and special moment frames, when not made us-

ing complete-joint-penetration (CJP) welds, be designed to 

develop the expected fl exural strength of the smaller con-

nected column and the shear demand associated with fl exural 

hinging at the top and bottom of a spliced column at a given 

story assuming a point of infl ection at mid-height. Partial-

joint-penetration (PJP) welds are currently prohibited in in-

termediate and special moment frame column splices.

The following issues appear to play a role in the seismic 

design practice of column splices:

1. Unless special precautions are taken, welded connec-

tions of steel sections subjected to seismic loads are 

recognized to be more susceptible to brittle fracture 

than was commonly acknowledged before the 1994 

Northridge earthquake. Thus, higher level of filler 

metal Charpy V-Notch toughness are required for 

welded column splices in all types of moment frames 

covered by AISC 341-10.

2. It has been observed that partial-joint-penetration 

(PJP) welds, when subjected to tensile loads at right 

angles to the unfused portion of the welded joint, are 

more susceptible to brittle fracture due to high levels 

of stress concentration than CJP welds. Thus, AISC 

341-10 requires CJP welds in lieu of PJP welds at col-

umn splices because of the potential high for flexural 

or tensile demands consistent with the increased duc-

tility in the improved beam-to-column connection.

3. As suggested by columns bending in double curvature 

observed in elastic analyses, the demand on column 

splices, often located in the middle third of the story 

height, is assumed to be less than that found in the 

portion of the column directly adjacent to the beam-

column joint. It was assumed that the beam-to-column 

connection would reach its critical limit state before 

the column splice did.
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Nevertheless, the question arises whether the seemingly more 

conservative column splice seismic design provisions in the 

current version of AISC 341 can be justified, compared to 

the column splice requirements in older seismic design pro-

visions. While bolted column splices are permitted, the high 

strength required by AISC 341-10 often makes them imprac-

tical, and the revised column splice provisions often require 

erection aids necessary to stabilize the column prior to weld-

ing and heavy welds to satisfy the specified strength, both 

of which increase costs. Given the limited detailed research 

on this topic, a systematic seismic investigation of column 

splices was conducted to address the question of whether the 

seismic design provisions requiring development of the ex-

pected plastic flexural strength and groove welds at column 

splices are justified or unnecessarily conservative. A com-

prehensive study on column splices in steel moment frames 

was conducted by Shen and Sabol (2008). This paper sum-

marizes the major results related to the seismic demand on 

the column splices. This demand was evaluated with respect 

to the demand on the frame system as whole and the demand 

on the beam-to-column connection in particular so that the 

influences of uncertainty, such as the type of ground motion 

and properties of the structural systems, might be properly 

considered.

STRUCTURES AND GROUND MOTIONS

Design of 4-, 9- and 20-Story Special Moment Frames

Three typical steel moment frames with heights equal to 

4, 9 and 20 stories, representing typical low-, medium-, 

and high-rise steel buildings (shown in Figures 1, 2 and 3) 

were designed based on the seismic design requirements 

in ASCE 7 (2005) and AISC 341 (2005, 2010). These build-

ings are similar to those developed as part of the FEMA-

sponsored steel frame research program conducted following 

the 1994 Northridge earthquake (FEMA, 2000b). The foot-

print of each building is symmetrical. As shown in Figure 1, 

the four-story building has plan dimensions of 120 ft by 180 ft 

with four 30-ft bays and six 30-ft bays in the two orthogonal 

directions, respectively, and a typical story height of 13 ft. 

The columns are assumed to be fixed at the ground level.

The nine-story building has plan dimensions of 150 ft by 

150 ft and consists of fi ve bays of framing in both orthogonal 

directions spaced at 30 ft on center. The building has a base-

ment level (level B1 in Figure 2b). The typical story height 

is 13 ft except at the ground and B1 levels, where it is 18 ft 

and 12 ft, respectively (Figure 2b).

The 20-story building has plan dimensions of 100 ft by 

120 ft and consists of fi ve 20-ft bays and six 20-ft bays of 

framing in the two orthogonal directions, respectively. The 

building has two basements levels (levels B1 and B2). The 

typical story height is 13 ft except at the ground B1 and B2 

levels, where it is 18 ft and 12 ft, respectively (see Figure 3b). 

The columns are assumed to be pinned at the lowest base-

ment level for the 9- and 20-story buildings respectively, 

although they run continuously through the ground level 

framing. For the 9- and 20-story buildings, concrete founda-

tion walls and surrounding soil are assumed to prevent any 

signifi cant horizontal displacement of the structure at the 

ground level, so the seismic base is taken at the ground level. 

The buildings were designed for a site in downtown Los 

Angeles, where SS is 2.0 g and S1 is 1.0 g. The perimeter 

frames of the buildings in the direction of the design earth-

quake were designed as special moment frames using re-

sponse modifi cation factor of R = 8. The ASCE 7 (2005) 

base shears corresponding to the 4-, 9- and 20-story build-

ings were 1,440 kips, 1,950 kips and 1,530 kips, respec-

tively. The structural system for each building consists of 

steel perimeter moment resisting frames and interior sim-

ply connected framing for gravity; that is, lateral loads are 
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Fig. 1. Plan and elevation of the four-story frame.
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carried by perimeter frames and interior frames are not ex-

plicitly designed to resist seismic loads in the direction of the 

earthquake and are not included in the analysis. The approxi-

mate period equation prescribed in ASCE 7 (2005) was fi rst 

used to check for strength before the drift requirements were 

evaluated. As expected, drift requirements governed the 

design for all three buildings. The member sizes are sum-

marized in Tables 1, 2 and 3, respectively. Braced frames, 

shown in Figures 1, 2 and 3, are used as the seismic force 

resisting system in the direction perpendicular to the mo-

ment frames.

The location of a column splice is considered to be a fac-

tor affecting fl exural demand at the splice. With some excep-

tions, AISC 341 (2005, 2010) requires that column splices 

be located 4 ft or more away from the beam-column con-

nection. The 4-ft offset is considered to be convenient for 

fi eld welding and erection and moves the splice closer to 

the middle of the story height, where the fl exure demand 

is generally thought to be lower than that at the beam-to-

column connection. The 4-ft offset is typically interpreted 

as the distance between the column splice and top of steel 

girders, but actual locations of column splices may vary to 

some degree in any given steel building. For example, the 

User Note in Section D.5a of AISC 341-10 recommends that 

where possible, splices should be located at least 4 ft above 

the fi nished fl oor elevation to permit installation of perim-

eter safety cables prior to erection of the next tier and to 

improve accessibility. On the other hand, Section D.5a(2) of 

AISC 341-10 also permits a column splice to be located as 

close to the beam-to-column fl ange connection as the depth 
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Fig. 2. Plan and elevation of the nine-story frame.

 

(a) Building Plan 

Moment Frame 

Moment Frame 

20 ft 

20 ft 

20 ft 

20 ft 

20 ft 

20 ft 20 ft 
5 6

A 

 

E 

20 ft 20 ft 20 ft 
2 3 41

20 ft 

B 

F 

Design Earthquake

C 

D 

G

Braced Frame 

19
@

13
 ft

 
2@

12
 ft

 
18

 ft
 

Column 
Spliced at 

(b) Column splice locations in the 20-story moment frame at Lines A and G 

Assumed 
Seismic Base

Ground Level  

Level B1  
Level B2  

19th Story 

17th Story 

14th Story 

11th Story 

8th Story 

5th Story 

2nd Story 

Column 
Splice 

Fig. 3 Plan and elevation of the 20-story frame.

223-240_EJ4Q_2010_2009_04.indd   225223-240_EJ4Q_2010_2009_04.indd   225 2/21/11   4:53 PM2/21/11   4:53 PM



226 / ENGINEERING JOURNAL / FOURTH QUARTER / 2010

Table 1. Member Sizes of the Four-Story Frame

Level
Exterior 
Column

Interior 
Column

Beam

4 W14×257 W14×342 W27×94

3 W14×257 W14×342 W30×148

2 W14×342 W14×426 W30×148

1 W14×342 W14×426 W30×148

Table 3. Member Sizes of the 20-Story Frame

Level
Exterior 
Column

Interior 
Column

Beam

20 W24×207 W24×103 W24×55

19 W24×207 W24×103 W27×94

18 W24×207 W24×146 W27×94

17 W24×207 W24×146 W27×94

16 W24×207 W24×192 W27×114

15 W24×207 W24×192 W27×114

14 W24×207 W24×192 W27×114

13 W24×207 W24×279 W30×148

12 W24×207 W24×279 W30×148

11 W24×207 W24×279 W30×148

10 W24×250 W24×306 W30×148

9 W24×250 W24×306 W30×148

8 W24×250 W24×306 W30×148

7 W24×250 W24×335 W30×173

6 W24×250 W24×335 W30×173

5 W24×250 W24×335 W30×173

4 W24×306 W24×370 W30×191

3 W24×306 W24×370 W30×191

2 W24×306 W24×370 W30×191

1 W24×306 W24×370 W30×191

B1 W24×306 W24×370 W30×191

B2 W24×306 W24×370 W30×191

Table 2. Member Sizes of the Nine-Story Frame

Level
Exterior 
Column

Interior 
Column

Beam

9 W14×257 W14×311 W24×55

8 W14×257 W14×311 W27×94

7 W14×311 W14×426 W30×132

6 W14×311 W14×426 W30×132

5 W14×398 W14×500 W33×141

4 W14×398 W14×500 W33×141

3 W14×455 W14×550 W33×141

2 W14×455 W14×550 W33×141

1 W14×550 W14×730 W36×194

Basement W14×550 W14×730 W36×194

of the column when the webs and fl anges of the splice are 

connected by complete-joint-penetration groove welds. Two 

bounding cases, primary (PC) and secondary (SC), were in-

cluded in this study, as shown in Figure 4. The PC column 

splice location is 4 ft above the fi nished fl oor elevation. The 

SC column splice location is 4 ft from the beam centerline. 

These two cases were studied to investigate the impact of 

shifts in the location of column splices. Nearly all column 

splices are expected to fall within the locations described 

by the PC and SC locations. With the 4-ft dimension taken 

from the top of fi nished fl oor, the PC location is considered 

representative of typical slabs constructed of metal deck and 

concrete fi ll and represents the expected upper bound col-

umn splice offset. The SC location moves the column splice 

closer to the beam-column connection (actual distances 

between column splices and top of steel girders are between 

1.20dc and 1.80dc in the three frames studied) and is consid-

ered representative of the column splice location permitted 

by the exception listed in Section D.5a(2) of AISC 341-10. 

The column splices were located at every second fl oor of the 

9-story frame and at every two to three fl oors in the 20-story 

frame. This slight deviation from common practice is not 

expected to affect the signifi cance of the results, but it did 

ease the computational burden by reducing the number of 

column splices that has to be monitored. The columns in the 

four-story frame were spliced only at its third fl oor. 

Earthquake Ground Motions 
and Evaluation Method

The seismic demand on the column splice is significantly af-

fected by selected ground motions included in the analysis, 

and we have strived to minimize the effects of the uncertain-

ties involved in the ground motion. One approach to mini-

mizing such effects is to take advantage of well established 

seismic design principles for steel moment frames. The 

fundamental philosophy in the seismic design of an inter-

mediate or special steel moment frame is to have ductile 

beam-to-column connections dissipate significant amounts 

of seismic energy through extensive inelastic deformation 

so that other structural parts of the frame, including column 

splices, are not overloaded and remain functional. This helps 

reduce the potential for collapse during the design earth-

quake event. In other words, the peak seismic demand on 

the column splice can be controlled by limiting the maxi-

mum rotational capacity of the beam-to-column connection. 

Therefore, the seismic demand on the column splice ought 

to be evaluated in comparison with the demand on the entire 
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frame system in general, and on the beam-to-column connec-

tion in particular, for any given earthquake ground motion 

intensity. Thus, we developed a seismic demand evaluation 

methodology based on a performance-chain concept (Shen 

et al., 2010) in evaluating the seismic demand on the col-

umn splice under meaningful intensities in ground motions. 

The concept introduced in this study states that the seismic 

demand on the column splice should be compatible with its 

intended performance in comparison with that of the frame 

and beam-to-column connections. Based on this concept, the 

maximum seismic demand on the column splice is directly 

related to the seismic demand on the frame as a whole, re-

gardless of the types and intensities of the ground motions 

selected for the study. 

In this study, an ensemble of ground motions was 

selected so that the seismic response of each of the three 

frames would range from moderate to severe and the seis-

mic demand on the column splice would be evaluated based 

on the response of the frames. A total of 20 ground motion 

records, identifi ed as LA21 to LA40, were used. This set of 

ground motions were used in a Federal Emergency Manage-

ment Agency (FEMA)–sponsored research project on steel 

moment frames damaged in the 1994 Northridge earthquake. 

This set of ground motions was identifi ed as having a 2% 

probability of exceedance in 50 years by SAC, a consortium 

conducting the FEMA-sponsored project. Table 4 provides 

detailed information on the records. These acceleration time 

histories were derived from historical recordings or from 

physical simulations and altered so that their mean response 

spectrum matches the 1997 National Earthquake Hazards 

Reduction Program (NEHRP) design spectrum, modifi ed 

from soil type of SB–SC to soil type SD and having a hazard 

specifi ed by the 1997 USGS maps (Somerville et al., 1997). 

Figure 5 summarizes the response spectra of these ground 

motions.

The seismic response evaluation of the column splice is 

based on two groups of response parameters refl ecting de-

formation and load: (1) peak story drift ratios and inelastic 

deformation of the structure, represented by the maximum 

plastic hinge rotations at beam ends; and (2) peak load de-

mands at the column splice, represented by (a) the maximum 

bending moment at the splice, Ms, normalized by the plastic 

moment of the smaller column (on the top of the splice), 

Mpt, and (b) the maximum combination of the normalized 

bending moment and tensile axial force in the column splice, 

Ps, normalized by the nominal tensile strength of the small-

er column, Pyt. The fi rst group of the response parameters 

provides information about the seismic performance of the 

frame as a whole for a given ground motion. With the seis-

mic performance of the frame as a reference, the informa-

tion in the second group is used to evaluate the severity of 

the demand on the column splice relative to the ground mo-

tion with respect to that of the whole frame system. This 

approach leads to a rational design strength requirement for 

the column splice within the system, where all components 

are interrelated, and a desirable hierarchy in the chain of the 

possible limit states is well defi ned. 

In a special steel moment frame, the beam-to-column con-

nection may well be the most critical component when sub-

jected to strong ground motions, and its seismic behavior has 

been well documented in other research studies. The demand 

on the connection, therefore, is considered to be a reliable 

reference for gauging seismic design strength requirements 

for other components that are intended to remain elastic. In 

particular, the seismic demand on the column splice should 

be limited to a reasonable percentage of its nominal capac-

ity compared to the deformation demand on the beam-to-

column connection for any given ground motion intensity. 

This comparative approach provides a solid basis for devel-

oping a “capacity design” method for column splices in a 
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Fig. 4. Locations of column splices evaluated.
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Table 4. Ground Motions Used in the Study

SAC Name Record
Earthquake
Magnitude

Distance
(km)

Scale
Factor

PGA
(g)

LA21 1995 Kobe 6.9 3.4 1.15 1.28

LA22 1995 Kobe 6.9 3.4 1.15 0.92

LA23
1989 Loma 

Prieta
7 3.5 0.82 0.42

LA24
1989 Loma 

Prieta
7 3.5 0.82 0.49

LA25 1994 Northridge 6.7 7.5 1.29 0.87

LA26 1994 Northridge 6.7 7.5 1.29 0.94

LA27 1994 Northridge 6.7 6.4 1.61 0.93

LA28 1994 Northridge 6.7 6.4 1.61 1.33

LA29 1974 Tabas 7.4 1.2 1.08 0.81

LA30 1974 Tabas 7.4 1.2 1.08 0.99

LA31
Elysian Park 

(simulated)
7.1 17.5 1.43 1.30

LA32
Elysian Park 

(simulated)
7.1 17.5 1.43 1.19

LA33
Elysian Park 

(simulated)
7.1 10.7 0.97 0.78

LA34
Elysian Park 

(simulated)
7.1 10.7 0.97 0.68

LA35
Elysian Park 

(simulated)
7.1 11.2 1.1 0.99

LA36
Elysian Park 

(simulated)
7.1 11.2 1.1 1.10

LA37
Palos Verdes 

(simulated)
7.1 1.5 0.9 0.71

LA38
Palos Verdes 

(simulated)
7.1 1.5 0.9 0.78

LA39
Palos Verdes 

(simulated)
7.1 1.5 0.88 0.50

LA40
Palos Verdes 

(simulated)
7.1 1.5 0.88 0.63

special steel moment frame, in which the only designated 

energy dissipation portion is at the end of the beam, and all 

other portions (including the column splice, in the frame) 

are designed to remain essentially elastic with a reasonable 

margin of safety. This concept would still be expected to 

apply if inelastic deformation of the column panel zone were 

anticipated by the designer. 

SEISMIC RESPONSE OF FRAME SYSTEMS 
AND PERFORMANCE CRITERIA

Inelastic dynamic analyses were conducted to study seismic 

column splice demands of three frames. The frames were 

subjected to 20 ground motion accelerations with spectral 

ordinates defined as having 2% probability of exceedance in 

50 years. The frames were modeled as beam and column ele-

ments with potential plastic hinges at their ends. The inter-

action between the axial force and bending moment was 

considered in columns. A 5% strain-hardening ratio was 

assumed in the plastic hinges. P-Δ effects were always 

included in the time-history analyses. Modal analyses were 

conducted prior to time-history evaluations and indicated 

that the fundamental period of vibration of the 4-, 9- and 

20-story frames is 0.80 s, 1.60 s and 2.40 s, respectively. 

The dynamic response of the frames to the selected 20 

ground motions showed dramatic variations throughout 
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Fig. 5. Response spectra of the ground motions used in the seismic analyses.

the suite of time histories, ranging from elastic behavior to 

near collapse. Thus, the suite of ground motions provided a 

wide range of demand on the seismic column splices. Two 

response indices—interstory drift ratio and plastic hinge ro-

tation at the beam end—were chosen to represent the system 

performance. Based on these system response indices, the 

seismic performance of the three frames was divided into 

general categories based on the severity of observed inter-

story drift ratio and plastic hinge rotation at the beam end. 

Severity was judged qualitatively based on the amount of 

interstory drift ratio and plastic hinge rotation demands.

Seismic Response Category and 
Ground Motion Group

Seismic response of frame systems, in terms of peak story 

drift and plastic hinge rotation at beam ends, was used to 

categorize the intensities of ground motions for each indi-

vidual frames. The response of each frame demonstrated 

dramatic differences among the 20 ground motions and was 

divided into groups based on peak story drift ratio and plas-

tic hinge rotation.

Table 5 presents 20 time histories divided into three ground 

motion groups for each of the frames, named GMG1, GMG2 

and GMG3, respectively, in order of increasing peak story 

drifts and plastic hinge rotation at beams (i.e., from mild to 

very severe response). This is a shifting of the time histo-

ries that make up each group, depending on which frame 

is being considered. Figures 6, 7 and 8 present the system 

responses in terms of (1) peak story drift ratio and (2) peak 

plastic hinge rotation at beam ends in 4-, 9- and 20-story 

frames, respectively. The data show that the peak drift and 

plastic hinge rotation response of 4-, 9- and 20-story frames 

vary dramatically over the 20 ground motions, and have 

been divided into three qualitative groupings corresponding 

to GMG1, GMG2 and GMG3, as just described. It appears 

that the set of 20 ground motions used in this study serves 

the purpose of evaluating a range of seismic demands on col-

umn splices in a reasonable manner. 

In order to evaluate seismic demand of column splices, 

the system responses of the 4-, 9- and 20-story frames to the 

20 ground motions, represented by story drifts and plastic 

hinge rotations, are divided approximately into three seismic 

response categories (SRC) as described in Table 6. The SRC 

is defi ned as follows:

1. SRC I, Functional to Moderate Structural Damage: the 

structure is likely to be functional with limited inelas-

tic deformation in a small number of beams having 

less than 0.02 rad plastic hinge rotation in any beam. 

2. SRC II, Near Life-Safety: the structure is expected 

to sustain moderate to heavy structural damage to 
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Table 5. Ground Motion Group (GMG)

Frame GMG 1 GMG 2 GMG 3

4-story

LA23, LA24, LA27, 

LA28, LA29, LA30, 

LA31, LA33, LA34, 

LA35, LA39, LA40

LA21, LA22, LA25, 

LA26, LA32, LA36, 

LA37, LA38
Not Applicable

9-story

LA23, LA29, LA30, 

LA39

LA21, LA24, LA25, 

LA26, LA28, LA32, 

LA34, LA37

LA22, LA27, LA31, 

LA33, LA35, LA36, 

LA38, LA40

20-story

LA23, LA29, LA31, 

LA39

LA21, LA22, LA25, 

LA27, LA28, LA30, 

LA32, LA33, LA34, 

LA37, LA40

LA24, LA26, LA35, 

LA36, LA38

Table 6. System Response Category (SRC) of the Steel Moment Frames

SRC GMG Story Drift Ratio (SDR)
Plastic Hinge Rotation 

(PHR)

I 1 0.01 to 0.02 0.01 to 0.02

II 2 0.02 to 0.04 0.02 to 0.04

III 3 0.04 to 0.05 0.04 to 0.05

its connections with many beam ends having plastic 

hinge rotations on the order of 0.02 to 0.04 rad. 

3. SRC III, Life-Safety to Near Collapse: the structure 

has extensive and widely spread plastic hinge rotations 

on the order of 0.04 to 0.05 rad in many beams. 

It is noted that the four-story frame suffers consistently low-

er system response than that in other two taller frames, and 

does not experience SRC III response.

Correlations between Column Splice 
Demand and System Response

The response indices, story drift ratio (SDR) and plastic 

hinge rotation (PHR), together with more detailed informa-

tion about structural response of the three frames subject to 

the 20 ground motions (Shen and Sabol, 2008), have dem-

onstrated that it is possible for the seismic demand on the 

column splice to be directly related to the response of the 

system, instead of ground motions themselves, because of 

strong correlation between the column splice demand and 

system response. This suggests the following observations: 

1. The ground motions that produce the maximum bend-

ing moments at column splices also result in maxi-

mum plastic hinge rotations at beam ends, indicating a 

close correlation between the bending moment in the 

column splice and the level of inelastic deformation in 

the structural system as a whole.

2. Extensive beam plastic hinge rotations in the frames 

subject to GMG 3 ground motions cause some col-

umns in the 9- and 20-story frames to bend in single 

curvature and, in some extreme events, force some ex-

terior columns to form plastic hinges at their ends un-

der combined tensile axial force and bending moment. 

This behavior leads to significant bending moments at 

column splices and high tensile forces in interior col-

umns. The frames in these events would be near their 

collapse thresholds with beam plastic hinge ration ap-

proaching or exceeding 0.06 rad.

3. The formation of plastic hinges in exterior columns 

due to high beam-end plastic hinge rotations under 

GMG 3 is responsible for unusually large Ps /Pyt ratios 

in some interior columns.

Maximum plastic hinge rotations on the order of 0.06 rad are 

expected to have resulted in extensive damage, evidenced 

by the fact that the ultimate plastic hinge rotation capac-

ity of special moment frame beam-to-column connections 

under seismic loads are expected to be in the range of 0.04 

to 0.06 rad. An evaluation of seismic design requirements for 

column splices must answer the question of whether or not 

the splice is adequate to survive theses large demands in the 

beams with an adequate margin of safety.

When the frames are exposed to signifi cant inelastic 

deformation demands, the analytic results suggest seismic 

demands on the splice that are different from those conven-

tionally assumed to occur based on an elastic analysis. For 
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Fig. 6. System response of the four-story frame subjected to the 20 ground motions.
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Fig. 7. System response of the nine-story frame subjected to the 20 ground motions.
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Fig. 8. System response of the 20-story frame subjected to the 20 ground motions.
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1. The peak bending moment at column splices is gen-

erally lower from the PC model than the SC model. 

This is consistent with the general expectation that the 

column splice moment will generally be lower as the 

splice is moved away from the beam-column joint.

2. The difference in the peak bending moment between 

the PC and SC models appears to be significant when 

the frame system response is mild or moderately severe 

(i.e., response to GMG 1 and GMG 2); however, such 

differences become less significant when the structure 

experiences large inelastic deformation (i.e., responses 

to GMG 3). As shown in Table 7, the difference in mo-

ment demand at column splices between the two mod-

els was about 30% to 40% when seismic response of 

the frames was mild (in GMG 1/SRC I case) and about 

10% to 20% when seismic response of the frame was 

moderately severe (in GMG 2/SRC II case) in all three 

frames. When seismic response of the frames was very 

severe (in GMG 3/SRC III case), the difference in mo-

ment demand at column splices between two models 

is about 10% in the 20-story frames, and about 20% 

in the 9-story frame. This suggests that the moment 

gradient is less steep than it is for the smaller seismic 

demand. The less steep moment gradient would be 

consistent with columns bent in single curvature. 

Bending Moment Demand on Column Splice 
with Respect to Seismic Response of the Frame

The following discussions focuses on the general trends of 

column splice moment demand with respect to the severity 

of structural response based on the PC model since the re-

sults from both PC and SC models have the similar trends. 

As shown in Table 9, the following points appear relevant:

1. When the frames had a mild (i.e., little or limited in-

elastic) response (GMG 1/SRC I response), the Ms /Mpt 

ratio at the column splice was consistently less than 

0.40 in the four-story frame, and less than 0.35 in the 

9- and 20-story frames.

Table 7. 
M
M

s
PC

s
SC  Ratio Statistics

Frame

GMG 1/SRC I GMG 2/SRC II GMG 3/SRC III

Mean

μ

Standard 

Deviation

σ

Mean

μ

Standard 

Deviation

σ

Mean

μ

Standard 

Deviation

σ
4-story 0.57 0.13 0.92 0.07 Not Applicable

9-story 0.68 0.03 0.76 0.07 0.79 0.05

20-story 0.65 0.02 0.79 0.09 0.90 0.06

example, if we assume a point of infl ection at mid-story and 

a straight line moment diagram with the maximum column 

moment at the beam centerline, it is expected that the col-

umn moment at the typical column splice location will be 

approximately 20% of that maximum moment. On the other 

hand, for GMG 2 and GMG 3, the average bending moment 

in the splice was found to be approximately 60% to more 

than 80% of the plastic moment capacity of the smaller col-

umn, as shown in Figures 9a, 10a and 11a.

SEISMIC DEMAND ON 
THE COLUMN SPLICES

Peak Bending Moment at the Column Splice, Ms

The peak bending moment in all column splices in a given 

frame, Ms, normalized by Mpt, the plastic moment of the 

smaller column on the top of splice, is summarized in Fig-

ures 9a, 10a and 11a for the 4-, 9- and 20-story frames, re-

spectively, subjected to the suite of 20 ground motion time 

histories. Two different structural models, primary case (PC) 

and secondary case (SC), were analyzed. The only differ-

ence between the two models was the column splice loca-

tion. In the PC model, the column splices were placed 4 ft 

above the floor slab. In the SC model, the column splices 

were assumed 4 ft above the beam center line, which serves 

as a reference to compare with the PC model in order to dis-

cuss the influence of the column splice location on column 

splice demand.

The difference in the bending moment at the column 

splice, Ms, between two models is presented in Table 7 as 

the mean value and standard deviation of Ms
PC/Ms

SC ratio 

for the three frames studied, where Ms
PC, Ms

SC is the peak 

bending moment at any column splice in PC and SC models, 

respectively.

Infl uence of Column Splice Location 
on Moment Demand

From Figures 9, 10, and 11 and Tables 7 and 8, one can ob-

serve the following:
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Fig. 9. Column splice response of the four-story frame subjected to the 20 ground motions.
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Fig. 10. Column splice response of the nine-story frame subjected to the 20 ground motions.
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Fig. 11. Column splice response of the 20-story frame subjected to the 20 ground motions.
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1. Peak combined moment and axial force demand at 

column splices is consistently lower in the PC model 

than in the SC model for all three frames when the 

frame system response was mild or moderately severe 

(in GMG 1/SRC I and GMG 2/SRC II cases). This is 

consistent with the observation that overall peak de-

mand is highly correlated with peak flexural demand 

and that splice location does not affect peak tensile de-

mand for less significant ground motions in short- or 

medium-height frames.

2. When the seismic response of the frames was very 

severe (in GMG 3/SRC III case), the difference in the 

combined moment and axial force demand due to dif-

ferent splice locations became less insignificant. In 

particular, the peak combined moment and axial force 

demand in the 20-story frame appears to be indepen-

dent of the column splice location. It was noted, for 

example, that the demands at the column splice are 

higher in the PC model than those in the SC models 

for some ground motions in GMG 3 group, but for 

other ground motions in the group the opposite was 

true. This suggests that the maximum combined de-

mand was significantly more sensitive to axial forces 

in the taller frames.

Combined Moment and Axial Force Demand on Column 
Splice with Respect to Seismic Response of the Frame

Based on a review of the PC model simulation data, the fol-

lowing general trends were observed for combined moment 

and axial force demand at a column splice with respect to the 

severity of structural response:

1. Tensile axial forces in columns in taller frames may be 

significant for frames that have experienced moderate 

or extensive inelastic deformation.

2. A more significant impact of the tensile axial force on 

the column splice is observed in a taller frame even un-

der less severe ground motions. In particular, the peak 

2. When the frames experience moderate to large 

amounts of inelastic deformation (GMG 2/SRC II re-

sponse with beam end plastic hinge rotations between 

0.02 and 0.04 rad), the Ms /Mpt ratio has a mean val-

ue of 0.622 with a standard deviation of 0.092 in the 

4-story frames, a mean value of 0.506 with a standard 

deviation of 0.075 in the 9-story frame, and a mean 

value of 0.421 with a standard deviation of 0.043 in 

the 20-story frame. 

3. When the frames experience extremely large inelas-

tic deformation with the beam end plastic hinge ro-

tations between 0.05 and 0.07 rad (GMG 3/SRC III 

response), the Ms /Mpt ratio has a mean value of 0.649 

with a standard deviation of 0.100 in the 9-story frame 

and a mean value of 0.638 with a standard deviation of 

0.059 in the 20-story frame.

Peak Combination of Bending Moment and 
Axial Tensile Force in the Column Splice

Axial tensile forces can result in significant demands on 

the column splice, particularly in a taller frame, such as the 

20-story frame examined in this study. Figures 9b, 10b and 

11b summarize the peak combination of normalized bending 

moment and axial tensile force in column splices in the 4-, 

9- and 20-story frames, (Ps /Pty + Ms /Mpt), where Ps is the 

tensile force at the splice, and Pty (= FyAg) is the nominal 

tensile strength of the smaller column. The results from two 

structural models, PC and SC, are plotted in the same figures 

for comparison. 

Infl uence of Column Splice Location on the Combined 
Moment and Axial Force Demand

Because the axial force demand at the column splice is in-

dependent of splice location, the total seismic demand on 

a column splice, in terms of combined moment and axial 

force, appears less affected by the splice location when axial 

force demand is significant. From Figures 9b, 10b and 11b 

and Table 8, one can make the following observations:

Table 8. 
P P M M

P P M M

S ty s pt

PC

S ty s pt

SC

+( )
+( )

 Ratio Statistics

Frame

GMG 1/SRC I GMG 2/SRC II GMG 3/SRC III

Mean

μ

Standard 

Deviation

σ

Mean

μ

Standard 

Deviation

σ

Mean

μ

Standard 

Deviation

σ
4-story 0.67 0.13 0.96 0.07 Not Applicable

9-story 0.70 0.03 0.77 0.08 0.80 0.05

20-story 0.91 0.06 0.89 0.09 1.00 0.07
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Table 9. Summary of Seismic Response (of PC Model)

Ground 
Motion Group

(GMG)

System 
Response 
Category

(SRC)

Building Type

Peak System 
Response

(PHR)
μ ± σ

Peak Demand on Column Splices

Ms /Mpt

μ ± σ
Ps /Pty + Ms /Mpt

μ ± σ

1 I

4-story 0.013 ± 0.007 0.327 ± 0.135 0.338 ± 0.141

9-story 0.017 ± 0.008 0.333 ± 0.020 0.339 ± 0.020

20-story 0.010 ± 0.002 0.317 ± 0.013 0.492 ± 0.048

2 II

4-story 0.035 ± 0.004 0.622 ± 0.092 0.650 ± 0.085

9-story 0.030 ± 0.007 0.506 ± 0.075 0.512 ± 0.080

20-story 0.023 ± 0.007 0.421 ± 0.043 0.666 ± 0.089

3 III

4-story Not Applicable Not Applicable

9-story 0.050 ± 0.009 0.649 ± 0.100 0.651 ± 0.090

20-story 0.070 ± 0.012 0.638 ± 0.059 0.924 ± 0.125

combination of normalized bending moment and axial 

tensile force of the column splice in the 20-story frame 

has reached a mean ratio of 0.666 with a standard de-

viation of 0.089 when the frame has 0.02 to 0.03 rad 

plastic hinge rotation subjected to GMG 2 ground mo-

tions. This ratio reaches a mean value of 0.924 with a 

standard deviation of 0.125 when the frame has around 

0.07 rad plastic hinge rotations.

SUMMARY, CONCLUSIONS 
AND RECOMMENDATIONS

For the 4-, 9- and 20-story frames reviewed in this study, 

column splice demand based on a structural model assuming 

the column splice located 4 ft above the floor (i.e., the PC 

model), the following conclusions can be drawn:

1. The response of all three types of frames to the se-

lected 20 ground motions, all defined as having a 2% 

probability of exceedance in 50 years, may be quali-

tatively divided into three different seismic response 

categories (SRC) consisting of little to moderate struc-

tural damage (SRC I system response), moderate to 

severe structural damage (SRC II system response), 

and near collapse (SRC III system response), respec-

tively. In other words, the frames, representing low to 

moderately tall moment frames, show a wide range of 

seismic response to the 20 ground motions, as can be 

seen in Table 9. 

2. The seismic demand on the column splice appears to 

be closely related to primary system response indices 

such as the magnitude of plastic hinge rotations at the 

beam end. These facts enable us to evaluate the seismic 

demand on the column splice based on the response of 

the frame to the selected ground motions, rather than 

solely on the ground motions themselves.

3. When the seismic response of the frame is low to mod-

erate, a comparison between different column splice 

locations (e.g., the PC and SC models) suggests that the 

bending moment demand at a splice closer to the column 

mid-height (i.e., the PC model) is consistently lower 

than when the splice is taken at the beam-column joint 

centerline. 

4. When frames experience heavy inelastic deformation 

(e.g., the SRC III case), the influence of the column 

splice location on observed splice demand becomes 

less significant. In particular, when axial force is a 

significant contributor to overall splice demand, the 

seismic demand at the column splice appears to be in-

dependent of splice location.

5. The peak bending moment at a column splice may 

reach 60% of the flexural strength of the smaller col-

umn when the maximum plastic hinge rotations are 

less than 0.04 rad (i.e., SRC I and II response) and 

up to 70% to 80% of flexural strength of the smaller 

column when the maximum plastic hinge rotations 

are between 0.05 and 0.07 rad (i.e., SRC III system 

response).

6. The significant impact of applied tensile axial forc-

es on the column splice is observed in taller frames 

even under less severe ground motions (e.g., GMG 2). 

Some column splices appear to experience demand-

to-capacity ratios (D-C) considering peak combined 

bending moment and tensile demand of up to 0.8 when 

the maximum plastic hinge rotation is as low as 0.02 

rad and between 0.9 and 1.0 when the maximum plas-

tic hinge rotation is on the order of 0.07 rad.
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7. Given the many uncertainties inherent in these types of 

analyses, it would be reasonable to anticipate at least 

SRC II system response when a frame is subjected to 

the 2% probability of exceedance design earthquake. 

SRC III system response is certainly possible for some 

types of ground motions and may be relatively more 

frequent for taller frames. Demand on the column 

splice can be on the order of the smaller column’s 

strength when the critical beam-to-column connection 

reaches its expected maximum deformation capacity. 

Based on this analytical study, the following recommenda-

tions are suggested:

1. Until additional research considering combined cy-

clic flexural and tensile actions reduces the uncer-

tainty inherent in reliably estimating the capacity of a 

welded column splice constructed using partial-joint-

penetration groove welds, it is recommended that a 

significant margin of safety be provided for column 

splices in seismic load-resisting structures. 

2. For special moment frames in moderately tall struc-

tures (e.g., those taller than approximately nine sto-

ries, where the effects of tensile axial loads on column 

splices may be significant), current requirements man-

dating use of complete-joint-penetration groove welds 

in welded column splices appears reasonable.

3. For special moment frames in shorter structures (e.g., 

those less than or equal to approximately nine stories), 

current requirements mandating use of complete-

joint-penetration groove welds in welded column 

splices appear conservative. Welded splices using 

partial-joint-penetration groove welds (or the equiva-

lent bolted splice) designed to develop at least 0.8Mp 

of the smaller column appear to provide a reasonable 

margin of safety and could be permitted. 

4. Based on the seismic demands on the column splices 

determined from this study, it is recommended that an 

experimental and analytical study be undertaken to 

investigate the performance of column splices using 

partial-joint-penetration groove welds (or equivalent 

bolted splices) under combined cyclic flexural and 

tensile axial force demands. This additional research 

could also investigate the reliability of the proposed 

height limitations proposed (e.g., above and below 

nine stories) using methodologies such as those out-

lined in ATC-63 (FEMA P695 [FEMA, 2006]).
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